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Abstract

The crystal structure of the S642A mutant of mitochondrial aconitase~mAc! with citrate bound has been determined at
1.8 Å resolution and 100 K to capture this binding mode of substrates to the native enzyme. The 2.0 Å resolution, 100 K
crystal structure of the S642A mutant with isocitrate binding provides a control, showing that the SerrAla replacement
does not alter the binding of substrates in the active site. The aconitase mechanism requires that the intermediate product,
cis-aconitate, flip over by 1808 about the Ca–Cb double bond. Only one of these two alternative modes of binding, that
of the isocitrate mode, has been previously visualized. Now, however, the structure revealing the citrate mode of binding
provides direct support for the proposed enzyme mechanism.
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Aconitase@citrate~isocitrate! hydroxylase, E.C. 4.2.1.3.# employs
a @4Fe-4S# cluster to catalyze the stereospecific dehydration-
rehydration of citrate to isocitrate viacis-aconitate in the tricar-
boxylic acid cycle. The heart mitochondrial enzyme has been
extensively characterized by crystallographic, biochemical, spec-
troscopic, and kinetic methods~Kennedy & Stout, 1992; Beinert
et al., 1996!, providing a model system for understanding the role
of @Fe-S# clusters in nonredox reactions. Other isomerase enzymes
also contain@Fe-S# clusters involved in catalysis~Skala et al.,
1991; Flint & Allen, 1996; Flint et al., 1993!. DNA and RNA
binding regulatory proteins, such as theEscherichia coliFNR
protein ~Lazazzera et al., 1996; Khoroshilova et al., 1997! and
cytosolic aconitase, the iron regulatory protein~IRP! ~Rouault
et al., 1991; Haile et al., 1992!, contain@Fe-S# clusters. In these
cases, the protein and@Fe-S# cluster structure are altered in re-
sponse to cellular oxidants or iron levels~Beinert & Kiley, 1996;
Green et al., 1996; Rouault & Klausner, 1996!.

Crystallographic and spectroscopic studies of mitochondrial acon-
itase~mAc! have defined the@Fe-S# cluster structure in the several
states of the enzyme arising from cluster transformations and in-
teractions with substrates, inhibitors, and solvent species~Beinert
et al., 1996!. The application of isotopic labeling of the substrate,
inhibitor, and solvent atoms in Mössbauer, EPR, and ENDOR
experiments, in combination with crystal structures, kinetics, the
use of reaction intermediate analogs, and site-directed mutagenesis

has led to a mechanism for the multiple step reaction catalyzed
~Schloss et al., 1984; Emptage, 1988; Lauble et al., 1992; Zheng
et al., 1992! ~Fig. 1!. First, the prochiral substrate citrate binds
stereospecifically and is dehydrated, forming the stable intermedi-
ate cis-aconitate. For the reaction to proceed, the mechanism re-
quires thatcis-aconitate be released from the enzyme and rebind
with the positions of its Ca and Cb atoms inverted. Kinetically,
this step may involve displacement by a second molecule ofcis-
aconitate in the inverted configuration; the net effect is to flip this
substrate by 1808 about the Ca–Cb double bond. Reversal of the
chemical steps results in rehydration ofcis-aconitate to form~2R,3S!
isocitrate. The configurations ofcis-aconitate are termed citrate-
mode and isocitrate-mode~Fig. 1!. In this paper, site-directed mu-
tagenesis is used to capture the citrate mode, implied by the
mechanism but not previously visualized.

Mitochondrial aconitase is a single polypeptide~Mr 83 kD!
~Zheng et al., 1990!; three cysteines ligate to a@3Fe-4S# cluster
that in turn incorporates a fourth Fe upon activation. This Fe~Fe4!
interacts with substrate carboxyl and hydroxyl oxygen atoms and
solvent species. High-resolution structures have been obtained for
the substrate free enzyme and for the enzyme in complex with
isocitrate and inhibitors~Beinert et al., 1996!. Because the native
enzyme preferentially crystallizes with bound isocitrate, it has not
been possible to prepare crystals with bound citrate orcis-aconitate
~Lauble et al., 1992!. In the model~Fig. 1!, thecis-aconitate com-
plex in the isocitrate mode is derived by analogy with thetrans-
aconitate complex~Lauble et al., 1994!. Similarly, thecis-aconitate
model in the citrate mode is derived by analogy with thetrans-
aconitate and nitrocitrate complexes. Finally, the model for citrate
is also based on the nitrocitrate complex. However, in this case,
nitrocitrate is weakly bound, being only 75% occupied in compe-
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tition with 25% occupancy by sulfate~Lauble et al., 1994!. Fur-
ther, the Fe4-oxygen distances in the nitrocitrate complex are long,
2.8–3.3 Å, but Mössbauer results indicate that citrate must interact
strongly with Fe4~Kent et al., 1985!. Therefore, the nitrocitrate
complex does not directly confirm the existence of the citrate
mode.

The S642A mutant was chosen for structural analysis based on
kinetic and EPR properties. It has a reducedVmax but only slightly
elevatedKm and exhibits native-like interaction of citrate with the
@4Fe-4S# cluster ~Zheng et al., 1992!. Further, it is the slowest
known mutant withVmaxreduced by 1.8–8.73 1025 relative to the
native enzyme. In the proposed mechanism Ser642 is the base,
abstracting a proton from Ca of citrate~Cb of isocitrate! ~Fig. 1!.
Crystal structures of the citrate and isocitrate complexes of the
S642A mutant are described, providing direct support for the ci-
trate mode of binding.

Results and discussion

Crystal structures of the citrate and isocitrate complexes of S642A
mAc have been refined at 1.8 and 2.0 Å resolution, respectively.
The complexes were prepared by soaking crystals of this kineti-
cally impaired mutant. In the S642A:isocitrate complex, the sub-
strate binds in a manner very similar to that of isocitrate to the

native enzyme, demonstrating that the Serr Ala replacement has
not otherwise altered the interactions of substrates within the ac-
tive site. In the S642A:citrate complex citrate is directly coordi-
nated to Fe4 of the@4Fe-4S# cluster via Cb carboxyl and hydroxyl
oxygen atoms. Consequently, the Ca–Cb bond is inverted with
respect to isocitrate, confirming the presence of the citrate mode in
the mechanism.

Structure determination

The expression method previously reported~Zheng et al., 1992!
was modified, and a purification scheme developed to improve the
purity of the recombinant protein for crystallization~see Materials
and methods!. An additional Sephacryl-200 column step increased
the time under aerobic conditions, resulting in partial loss of the
@Fe-S# cluster; however, the cluster could be fully reconstituted
~Kennedy & Beinert, 1988!. Colloidal ferrous sulfide from the
reconstitution reaction was removed using an Octyl-Sepharose col-
umn. Partial re-oxidation of the@Fe-S# cluster to the@3Fe-4S# form
occurred during this step, but the enzyme was reactivated to the
@4Fe-4S# form ~Emptage et al., 1983! prior to anaerobic crystalli-
zation. Overall, recombinant mutant mAc could be prepared in
good yield with sufficient purity to be crystallized using the es-
tablished seeding procedure~Lauble et al., 1992!.

Fig. 1. Model for the mechanism of the reaction catalyzed by aconitase. Only one of the four states depicted corresponds to a
previously determined crystal structure, that of the isocitrate complex. In this paper direct structural evidence for the existence of the
citrate complex is presented, and the isocitrate complex is independently confirmed. The intermediate product,cis-aconitate, is
proposed to bind in two ways related by 1808 rotation about Ca–Cb double bond. The asterisk denotes the proton that is stereospe-
cifically abstracted from citrate and replaced in isocitrate. Hydrogen atoms on the H2O molecule bound to the unique Fe~Fe4! of the
@4Fe-4S# cluster are also depicted. Atoms are shaded: white, Fe; light gray, S; dark gray, O; black, C and H. This figure is reprinted
from Lauble et al.~1994!.
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Orthorhombic crystals of the S642A mutant were soaked in
40 mM solutions of citrate and isocitrate and flash-frozen at 100 K
for data collection~Table 1!. The structures were solved by mo-
lecular replacement using the structure of native mAc~Robbins &
Stout, 1989! and were refined as described in Materials and meth-
ods~Table 1!. The unbiased electron density at 1.8 Å resolution for
the citrate soaked crystal, calculated prior to modeling any sub-
strate species in the active site, reveals the orientation of bound
citrate ~Fig. 2A!. The Ca and Cg atoms linking their respective
carboxyl groups to the central Cb atom are resolved, as is the
hydroxyl group attached to the Cb atom of citrate. Similarly, un-
biased electron density at 2.0 Å resolution for the isocitrate soaked
crystal reveals the orientation of isocitrate~Fig. 2B!. Therefore, the
positions of the Ca and Cb groups of citrate are interchanged with
respect to isocitrate, consistent with the model for the binding
modes of substrates to mAc~Fig. 1!.

S642A:citrate complex

The structure of the S642A mutant of mAc with citrate binding is
very similar to that of native mAc with isocitrate binding~Lauble
et al., 1992! with no significant changes in the conformation of

active site residues. The root-mean-square deviation~RMSD! of
753 Ca atoms following least-squares superposition of the two
structures is 0.43 Å. Citrate is coordinated to Fe4 of the@4Fe-4S#
cluster via a Cb-carboxyl oxygen and the Cb-hydroxyl group with
Fe-O distances of 2.37 and 2.59 Å, respectively~Fig. 3!, in accor-
dance with the Mössbauer results~Kent et al., 1985!. An H2O
molecule is coordinated to Fe4~Fe-O distance 2.19 Å! making Fe4
six-coordinate with octahedral geometry. Fe4 in the isocitrate com-
plex of native mAc has the same geometry with Fe-O distances of
2.49, 2.15, and 2.20 Å to carboxyl, hydroxyl, and H2O oxygen
atoms, respectively. Thus, the only significant difference in citrate
vs. isocitrate coordination to Fe4 is the;0.4 Å longer interaction
with the hydroxyl group in the citrate complex. The binding of
citrate in the active site involves the same 13 salt-bridging and
hydrogen bonding interactions observed in the isocitrate complex
of native mAc~Fig. 3!. The similarity of the interactions for the
two substrates is consistent with the role of the Ser642 as the base
in the reaction, as substitution with Ala has not affected these
interactions.

S642A:isocitrate complex

The structure of the S642A mutant of mAc with isocitrate binding
is also very similar to that of native mAc with isocitrate binding
~Fig. 4A!, and there are no significant changes in the conformation
of active site residues. The RMSD of 753 Ca atoms following
least-squares superposition of the two structures is 0.39 Å. Isocit-
rate is coordinated to Fe4 of the@4Fe-4S# cluster via a Ca-carboxyl
oxygen and the Ca-hydroxyl group with Fe-O distances of 2.34
and 2.73 Å, respectively. An H2O molecule is bound to six coor-
dinate Fe4 with a Fe-O distance of 2.16 Å. All 13 hydrogen bonds
observed for the complex of native mAc with isocitrate~and for
the S642A:citrate complex! are observed for the S642A:isocitrate
complex as well. Although the bound conformations of isocitrate
are very similar, there is a small shift of isocitrate away from the
@4Fe-4S# cluster in the mutant, resulting in an average displace-
ment of 0.42 Å. This accounts for most of the;0.6 Å longer
Fe4-hydroxyl distance in the mutant complex. The shift may be
due to the absence of the Ser642 hydroxyl group, which, as the
proposed base in the reaction, has a short contact of 3.18 Å with
Cb of isocitrate~Fig. 4A!. The shift of isocitrate in the mutant is
essentially in the direction of residue 642. Nevertheless, the struc-
ture of the S642A:isocitrate complex shows that the Serr Ala
mutation has not altered the binding mode of isocitrate. Therefore,
this mutation would not be expected to significantly affect the
binding mode of citrate with respect to the native enzyme.

Citrate mode

The S642A:citrate complex is superposed onto the isocitrate com-
plex of native mAc in Figure 4B to show how the two substrates
bind with their Ca–Cb bonds inverted with respect to each other.
Nevertheless, they coordinate to Fe4 in the same manner and par-
ticipate in all of the same interactions within the active site. The
nine atoms of the isosteric Ca and Cb groups differ in position by
an average of 0.35 Å, following least-squares superposition of all
protein Ca atoms. At the same time, the Cg-carboxyl oxygen
atoms superpose within 0.08–0.21 Å. Although the citrate mol-
ecule is slightly shifted with respect to isocitrate, this does not
appear to be due to the absence of the Ser642 hydroxyl as in the
S642A:isocitrate complex. Rather, the shift is toward Arg580, the

Table 1. Data collection and refinement

Mutant S642A S642A
Complex Citrate Isocitrate
Space group P21212 P21212
Unit cell, Å 176.1, 71.4, 71.8 176.4, 71.4, 71.9
Total observations 285,614 219,481
Unique reflections 82,013 63,472

All data
Resolution range~Å! 20.0–1.81 20.0–1.98
Redundancy 3.5 3.5
Completeness 99.0% 98.8%
I0s~I ! 5.5 6.0
Rsymm~I ! 0.071 0.108

Last shell
Resolution range~Å! 1.86–1.81 2.03–1.98
Redundancy 2.4 2.4
Completeness 88.1% 86.0%
I0s~I ! 1.9 2.0
Rsymm~I ! 0.372 0.368

Refinement
Resolution range~Å! 20.0–1.81 20.0–1.98
No. of reflections. 2.0 sF 75,071 62,380
R-factor 0.211 0.212
Rfree for 5% of reflections 0.251 0.249

RMSDs
Bonds~Å! 0.019 0.019
Angles ~deg! 3.49 3.46
Planes~deg! 1.39 1.54

No. of atoms0avgerageB ~Å2!
Protein 5,814 29.2 5,814 23.1
@4Fe-4S#~OH2! 9 25.4 9 26.4
Substrate 13 24.8 13 27.2
H2O ~B , 70 Å2! 651 44.2 593 38.1
Total 6,487 — 6,429 —
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residue involved in forming a salt bridge with the Cg-carboxyl
group~Fig. 3!. The displacement may result from altered electro-
static interactions within the active site, due to the different angles
of approach of the Cg-carboxyl group~Fig. 4B!. Importantly, the
0.35 Å shift of citrate would not change the length of the short
contact to the Ser642 hydroxyl group, as judged by the distances
from isocitrate Cb to Ser642 Cb, and citrate Ca to Ala642 Cb,
which remain the same~3.75 Å!. Consequently, the positions of
citrate and isocitrate equally favor the abstraction or addition of a
proton by Ser642, as required in the catalytic mechanism~Fig. 1!.

Materials and methods

Materials

All chemicals were obtained from Sigma~St. Louis, Missouri!
~ACS grade! with the exception of the following: Isopropyl thio-

b-d galactoside~IPTG; BioTech grade! was supplied by Fisher
~Fair Lawn, New Jersey!; Bactotryptone and Yeast Extract by Gibco
~Gaithersburg, Maryland!; ammonium sulfate~.99%! by Fluka
~Milwaukee, Wisconsin!; and Bradford’s Reagent was obtained
from BioRad Laboratories~Hercules, California!. Reagents and
supplies for gel electrophoresis were purchased from Novex~San
Diego, California!, and all chromatography resins from Pharmacia
~Uppsala, Sweden!. Fluorocitric acid was supplied by Dr. M.C.
Kennedy, and plasmids encoding aconitase mutants were supplied
by Dr. H. Zalkin.

Expression of recombinant aconitase in E. coli

Plasmid pAconitase~pA! encoding wild-type porcine mitochon-
drial aconitase~mAc! and plasmids pA~S642A! and pA~R644Q!
encoding mutant enzymes~Zheng et al., 1992! were transformed
into theE. colistrain BL21-DE3 by electroporation. Transformants

Fig. 2. Unbiased difference electron density for substrates bound to the S642A mutant of mitochondrial aconitase, confirming the
citrate mode of binding in the catalytic mechanism. The maps are calculated using all data in the resolution range 20.0–1.8 Å for
~A! the citrate complex, and in the resolution range 20.0–2.0 Å for~B! the isocitrate complex. Models for the substrates were not
included in the structure factor calculations at any time prior to the computation of the electron density. The maps are computed with
coefficients6Fo6 2 6Fc6 and contoured at 4.0 and 5.0s on a grid spacing of 25% of the maximum resolution.
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were selected for ampicillin resistance and tested for the presence
of the cloned gene by restriction analysis of the plasmid DNA. Cell
stocks were prepared from single colonies by growing in L-Broth
containing ampicillin~100mg0mL! and freezing in liquid N2 in the
presence of 20%~v0v! glycerol.

Growth of cells and subsequent protein expression were carried
out using a temperature-controlled shaker at 250 rpm. In a typical
preparationE. coli cells expressing S642A or R644Q mAc were
grown overnight at 378C in 6 3 20 mL cultures using 23 YT
medium containing ampicillin at 100mg0mL. These cultures were
then used to inoculate 63 200 mL of the same medium~pre-
warmed to 378C!, and cell growth was continued for 4 h at 308C.
Protein expression was induced by adding IPTG to a final con-
centration of 0.5 mM and aerating the cultures for a further 22–
24 h at 308C. Synthesis of the 83 kD mutant enzymes was estimated
by SDS-polyacrylamide gel electrophoresis~SDS-PAGE! to be
5–10% of the total soluble protein.

Protein purification

The @3Fe-4S# form was purified under aerobic conditions at 48C.
All buffers were degassed under vacuum for;20 min and pre-
chilled to 48C before use. Purification was followed by SDS-
PAGE combined with observation of the brown color of mAc.
Cells were harvested~from a total of 1.32 L of culture! by centri-
fugation at 4,0003 g for 10 min. Cell pellets were resuspended on

ice in 10 mM Tris-tricarballylate buffer~TTB!, pH 7.0, containing
0.1 mM phenylmethane-sulfonyl fluoride~PMSF! in a final vol-
ume of 40 mL. The cell suspension was lysed by using a Sim-
Aminco French Pressure cell at 16,000 psi~two passages!, and the
lysate cleared by centrifugation at 17,0003 g for 30 min.

Acidic proteins were removed from the supernatant by anion
exchange using DEAE-Sepharose CL-6B. A 50%~v0v! slurry of
this resin, pre-equilibrated in 10 mM TTB, pH 7.0~60 mL! was
added to the cleared lysate~;40 mL! and gently stirred for 20 min.
The resin was removed by centrifugation at 2,0003 g for 10 min.
The supernatant containing mAc was further purified by ammo-
nium sulfate fractionation at 08C. The pH was maintained at 7.0 by
the dropwise addition of 1 M NaOH. Solid ammonium sulfate was
slowly added with stirring to 50% saturation, the extract was stirred
gently for 15 min, incubated on ice for 15 min, and centrifuged at
27,0003 g for 30 min. The supernatant containing mAc was
removed, brought to 80% ammonium sulfate saturation, stirred
gently for 30 min, and incubated on ice for 30 min. Precipitated
protein including mAc was pelleted as above.

Purification of S642A mutant

Precipitated protein was resuspended in 10 mM TTB, pH 7.0
containing 0.25 M NaCl and 0.05%~v0v! Triton X-100 and dialyzed
overnight against 2 L of this buffer. The brown solution was ap-
plied to a Sephacryl-200 HR column~1.53 90 cm! pre-equilibrated
with the above buffer. Gel filtration was performed at a flow rate
of 5.0 mL0h under gravity. Fractions~1.5 mL! were collected over
a period of 24–26 h until the brown aconitase was eluted. Pooled
fractions were concentrated in an Amicon stirred ultrafiltration cell
under N2 at 60 psi using a YM-30 membrane. The buffer solution
was exchanged by adding 33 10 mL of 60 mM TTB, pH 7.8. The
concentrated protein~;2.0 mL at 18 mg0mL! was transferred to
an anaerobic hood~,1 ppm O2! and stored at 48C.

Purification of R644Q mutant

Precipitated protein was resuspended in 10 mM TTB, pH 7.0
containing 0.25 M NaCl. The protein solution was dialyzed over-
night against 23 2 L of this buffer and applied to a Sephacryl-200
HR column ~2.5 3 90 cm! equilibrated in the same buffer. The
column was washed at 15 mL0h under gravity, and fractions
~4.5 mL! were collected, pooled, and concentrated as for the S642A
mutant. The protein solution was brought to 1.0 M NaCl by the
addition of 5 M NaCl, mixed gently, incubated on ice for 5 min,
and applied to a Phenyl-Sepharose CL-4B column~1.53 7.0 cm;
10 cm3 volume! pre-equilibrated with 10 mM TTB, pH 7.0 in
1.0 M NaCl. The column was washed with 3.5 column volumes of
equilibration buffer. The protein was eluted with a linear, decreas-
ing sodium chloride gradient~12 mL0h! consisting of 100 mL of
10 mM TTB, pH 7.0, in 1.0 M NaCl, and an equal volume of
buffer in 0.6 M NaCl. Aconitase fractions~1.1 mL! were collected,
pooled, concentrated, and buffer exchanged as described for S642A
mAc. The concentrated protein~;0.7 mL at 18 mg0mL in 60 mM
TTB, pH 7.8! was transferred to the anaerobic hood and stored
at 48C.

Reconstitution

A4000A280 measurements of the samples showed that 45–65% of
the total protein was in the@3Fe-4S# form relative to native acon-

Fig. 3. The conformation of citrate bound to the S642A mutant of aconi-
tase. The citrate hydroxyl and one Cb-carboxyl oxygen are coordinated to
Fe4 of the@4Fe-4S# cluster~Fe-O distances 2.59 and 2.37 Å, respectively;
black dotted lines!. There are 13 hydrogen bonds between citrate and the
enzyme~gray dotted lines, 2.6–3.0 Å!. Hydrogen bonds between the side
chains of Gln72 and the Cg-carboxyl group, Ser166 and the Ca-carboxyl
group, and His101 and the hydroxyl group, are not shown for clarity.
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itase ~Emptage et al., 1983!. Reconstitution was done at room
temperature under anaerobic conditions as described previously
~Kennedy & Beinert, 1988! with modifications. The protein con-
centration was 0.2 mM and ferrous ammonium sulfate and sodium
sulfide were added in 10-fold excess. Dithiothreitol~DTT! was
added in 50-fold excess. After 4 h NaCl was added to 1.0 M and
the mixture was allowed to stand for 5 min. NaCl~1.0 M! was
required for separation of the protein from colloidal ferrous sulfide
formed as a by-product of the reconstitution procedure.

Reconstituted mAc was separated from ferrous sulfide using
Octyl-Sepharose CL-4B under aerobic conditions at 48C within
5 min of removal from the anaerobic hood. The protein solution
was applied under gravity to a 5.0 cm3 column pre-equilibrated
with 10 mM TTB, pH 7.0, containing 1.0 M NaCl, and was eluted
with two column volumes; black ferrous sulfide remained bound to
the column. The protein solution~6–10 mL! was mixed gently, left
on ice for 5 min to allow oxidation of residual ferrous sulfide,
concentrated and buffer exchanged by ultrafiltration under N2 with
3 3 10 mL of 60 mM TTB, pH 7.8. During ultrafiltration a trace
of oxidized by-product~reddish color, Fe31! was observed in the
filtrate. Concentrated protein samples~0.5–1.0 mL at 18–20 mg0
mL! were returned to the anaerobic hood and stored at 48C.

Analysis of purified enzymes

S642A mAc was approximately 90% pure by SDS-PAGE and was
100% in the@3Fe-4S# form based on theA4000A280 measurements

~Emptage et al., 1983!. The yield was typically 15 mg from 1.32 L
of culture. R644Q aconitase was.95% pure by SDS-PAGE and
was also 100% in the@3Fe-4S# form. The yield was typically 9–11
mg from 1.32 L of culture. Expression, purification, and reconsti-
tution required a total of six to seven days.

Protein crystallization

Purified, reconstituted samples of S642A and R644Q mAc in the
@3Fe-4S# form were diluted to 16–18 mg0mL protein using de-
gassed sample buffer~60 mM TTB, pH 7.8!. Reactivation of the
mutant enzymes to the@4Fe-4S# form and subsequent crystalliza-
tion used established procedures~Lauble et al., 1992! with mod-
ifications. Reservoir solutions were in the range 2.2 to 2.4 M
ammonium sulfate in 0.25 M Bis-Tris-HCl, 0.35 M NaCl, pH 7.0.
Drops were prepared by mixing 12mL of the protein solutions with
16–18mL of saturated ammonium sulfate in 0.25 M Bis-Tris-HCl
and 0.35 M NaCl, pH 7.0. Nucleation was induced by streak-
seeding~Stura & Wilson, 1990! using crystals of native or mutant
mAc. Crystals were grown under anaerobic conditions for four to
eight weeks at 268C.

Co-crystallization

Three structures of mAc mutants were determined in which a
mutant enzyme was incubated with substrate or inhibitor during

Fig. 4. Superposition of isocitrate and citrate complexes of aconitase.A: The isocitrate complexes~dark green! with the native enzyme
~Ser642! and the S642A mutant~Ala642! showing that the mutation has not altered the mode of binding, although isocitrate shifts away
slightly from the@4Fe-4S# cluster in the mutant enzyme. The positions of the Ca and Cb atoms are indicated.B: The isocitrate complex
~dark green! with the native enzyme~Ser642! and the citrate complex~light green! with the S642A mutant~Ala642! showing that the
two substrates bind with their Ca–Cb bonds inverted with respect to each other. The substrates coordinate to Fe4 in a similar manner,
and their Cg-carboxyl groups superpose. The Ca atoms of isocitrate~black label! and citrate~green label! are indicated. A short contact
between Cb of isocitrate and Ser642 is indicated in both figures.
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crystallization. The compounds were added to protein solutions to
10 mM using 200 mM stock solutions, and the solutions were
allowed to stand for 10 min prior to mixing with ammonium sul-
fate for crystallization. Each structure was refined at 2.5 Å reso-
lution ~data not shown!. The structure of the S642A mutant incubated
with cis-aconitate revealed electron density consistent with isocit-
rate, showing that this kinetically most impaired mutant is able to
turn over during cocrystallization. The structure of the R644Q
mutant~Vmax 0.25–0.46 relative to the native enzyme! incubated
with fluorocitrate revealed density consistent with fluorocitrate,
indicating that a marginally impaired mutant is not able to turn
over an inhibitor. Consequently, the structure of the S642A mutant
cocrystallized with fluorocitrate also showed density consistent
with the citrate mode. These experiments are consistent with the
kinetic properties of the mutants, and they support the existence of
the citrate mode. However, they demonstrate that it is not possible
to capture a complex of citrate itself by co-crystallization.

Soaking

For soaking experiments, crystals were transferred to a synthetic
mother liquor of 2.8 M ammonium sulfate in 0.2 M Bis-Tris-HCl,
0.28 M NaCl, pH 7.0 containing 40 mM substrate or inhibitor and
1 mM sodium dithionite, and soaked for one to four days at 268C.
As shown by the results~Fig. 2A,B!, the S642A mutant is unable
to turn over either citrate or isocitrate when the enzyme is re-
strained in the crystal lattice, at least on the time scale of#4 days.

Data collection

Data were collected at Stanford Synchrotron Radiation Laboratory
beam line 7-1~l 1.08 Å! at 100 K by flash freezing crystals in a N2

gas stream using a cryo-protectant consisting of 15% glycerol in
the synthetic mother liquor. Data were recorded with a Mar345
imaging plate using 18 oscillations. Data were collected for crystals
of the S642A mutant soaked in citrate, isocitrate,cis-aconitate,
trans-aconitate, and fluorocitrate. The data were indexed, inte-
grated, merged, and scaled with Mosflm and the CCP4 suite of
programs~Leslie, 1994!. Only the crystals soaked in citrate and
isocitrate displayed diffraction to#2.0 Å resolution~Table 1!.

Structure refinement

The S642A mAc complexes were solved by molecular replace-
ment using the structure of the native enzyme as a starting model
~Robbins & Stout, 1989!. Coordinates for the reference native
mAc structure were edited to omit the@4Fe-4S# cluster, any bound
species and all H2O molecules, and residue 642 was modeled as
Gly. The models were subjected to rigid body refinement using
X-PLOR ~version 3.8! ~Brünger et al., 1989! in increasing steps of
resolution until all data were incorporated. Positional parameters
and isotropicB-factors were refined by simulated annealing with
inclusion of a bulk solvent correction. Unbiased6Fo6 2 6Fc6 maps
were used to model the@4Fe-4S# cluster and confirm the presence
of Ala642, and 26Fo62 6Fc6maps were used to check and adjust the
fit to the electron density of the 753 additional amino acids. The
XtalView suite of programs was used for all model and map ma-
nipulations~McRee, 1999a!. The models were subjected to four to
five subsequent rounds of refinement in which6Fo6 2 6Fc6 and
26Fo6 2 6Fc6 maps were used to interpret the sites of solvent mol-
ecules, including H2O bound to Fe4 of the@4Fe-4S# cluster.

Following convergence of this process, unbiased6Fo6 2 6Fc6
maps were computed to interpret the electron density for the bound
substrates. The 4.0–5.0s density for the citrate-soaked crystal at
1.8 Å resolution clearly revealed the positions of the Ca and Cg
atoms linked to the central Cb atom of citrate carrying the hy-
droxyl group~Fig. 2A!. Similarly, the unbiased 4.0–5.0s density
for the isocitrate soaked crystal was clearly recognizable as that of
isocitrate due to density for the branching hydroxyl group on Ca
and connecting density between Cb and Cg ~Fig. 2B!. Citrate and
isocitrate were modeled using the nitrocitrate and isocitrate com-
plexes of the native enzyme as guides~Lauble et al., 1992, 1994!.
The structures were refined with the substrates included, and 26Fo62
6Fc6 and 6Fo6 2 6Fc6 maps were inspected to confirm the fit of the
models to the density. Refinement statistics are summarized in
Table 1.

Ramachandran plots for the S642A mAc structures show that in
each case 98.9% of 681 nonglycine residues are in the most fa-
vored or allowed regions: four of seven nonglycine outliers, Thr229,
Ser357, Ala573, and Asp635, have lowB-factors and exhibit strong
density; the remaining three have highB-factors. Coordinates of
the S642A:citrate and S642A:isocitrate complexes~Table 1! have
been deposited with the Protein Data Bank, accession codes 1C96
and 1C97, respectively. In addition, the coordinates for mutant
mAc complexes prepared by cocrystallization and refined at 2.5 Å
resolution~data not shown! have been deposited with the Protein
Data Bank: S642A:isocitrate, S642A:fluorocitrate and R644Q:
fluorocitrate; accession codes 1AR3, 1AS9 and 1ATQ, respec-
tively. Figure 2 was rendered with Raster3d~Merritt & Murphy,
1994!, and Figures 3 and 4 were prepared using Molw and Show-
case~McRee, 1999b!.
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